Summary. After acute administration of ammonium chloride, infants 1 to 16 months of age were similar to older children in their capacity to acidify their urine. The infants had a higher rate of excretion of titratable acid and a lower rate of excretion of ammonium but were similar in their rate of excretion of total hydrogen ion.
Introduction
It is well established that the concentration of bicarbonate in the plasma of normal infants is lower than that observed later in childhood and adult life (1, 2) . Although this "physiologic acidosis" is usually attributed to a limited capacity of the kidney to excrete the acid load imposed by diet (2) , inadequate data during this period are avail-able to permit acceptance or rejection of this hypothesis. In subjects in hydrogen ion balance, the concentration of bicarbonate in blood is maintained at a level just below the so-called renal plasma bicarbonate threshold (3) . The present investigations were designed 1) to investigate the relationship between renal reabsorption and excretion of bicarbonate and the concentration of bicarbonate in blood of infants during the first year of life, and 2) to compare infants and older children in their responses to administration of ammonium chloride.
Methods
Studies of bicarbonate reabsorption were performed in six infants aged 1 to 12 months (Table II) . The response to ammonium chloride was studied in 11 infants aged 1 (3), 2, 3, 4, 5, 6 (2), 8, and 16 months and 10 children aged 7 to 12 years. The older children were hospitalized for minor illnesses or for elective surgery. The latter were studied either before or at least 5 days after surgery, and no subject undergoi was included. Subjects with any typo or nonrenal disorder that might affec trolyte or acid-base metabolism were e jects fell within the tenth and seventy-f height and weight. The investigations were performed approval. Informed parental consent fore study.
Bicarbonate reabsorption. Investigat reabsorption was performed by the c but were allowed free movement in bed. Breakfast was permitted on the day of the test, and a usual lunch was given at the appropriate time. In order to ensure an ade--,o *.* *quate and fairly constant rate of urine flow, we adminis-* REABSORSED tered water throughout the test at the rate of 50 ml per hour per in2. In the older subjects urines were collected at hourly intervals by spontaneous voiding. Urine specimens in infants were obtained through indwelling urethral catheters, complete emptying being assured by air washout. Urine specimens were not collected under oil but were examined immediately for pH and titratable acid and were stored for other determinations in air-EXCRETED free containers. ONei t t-0Lo UL 00 00 00 U) 3o Autoanalyzer, using modifications of standard methods. Inulin was determined by a modification of the method of Schreiner (9) . p-Aminohippurate was measured by a modification of the method of Smith and co-workers (10) . Statistical comparisons were performed by means of Student's t test according to Snedecor (11) . Table I . The data from all studies are plotted in Figure 1 , in which rates of reabsorption and excretion of bicarbonate, expressed as millimoles per 100 ml glomerular fil- Table II . In Figure 2 the ratio of reabsorbed bicarbonate to Tm is plotted as a function of the ratio of filtered bicarbonate to Tm. Both individual points from each infant as well as the mean response of the group are shown. If all nephrons functioned identically and if filtered bicarbonate were totally reabsorbed until the Tm was reached, points would fall along the theoretical curve. However, a marked deviation from the theoretical line or "titration splay" is apparent.
Response to ammonium chloride. Measurements obtained in infants and children in blood and urine samples obtained before and 3 to 5 hours after administration of ammonium chloride are shown in Table III .
During the control period the mean pH and tCO2 in the infants of 7.34 and 20.0, respectively, demonstrate the physiologic acidosis expected at this age. Their strongly acid urine and high rates of excretion of hydrogen ion before administration of ammonium chloride should be noted. The dose of ammonium chloride in each subject was adequate to depress blood tCO2 well below threshold levels.
Three to 4 hours after completion of administration of ammonium chloride, blood pH and tCO2 were similar in both groups. No significant differences were observed in urinary pH or total excretion of hydrogen ion. Titratable acid in the infants was higher than in the children due to 22 .5 reported here in premature and full-term infants during the remainder of the first year of life. However, the maximal rate of reabsorption of bicarbonate of 2.5 to 2.6 mmoles per 100 ml GF during the first month of life is lower than the range of 2.6 to 2.9 mmoles per 100 ml GF observed in the present study. The threshold observed in the young premature infant persists, apparently, throughout at least most of the first year of life, whereas the maximal rate of reabsorption appears to increase more rapidly than the threshold.
The maximal rate of reabsorption of 2.6 to 2.9 mmoles per 100 ml GF observed here in infants is virtually identical with the range of 2.6 to 3.0 observed by Pitts and co-workers (6) in adults. However, subjects in the latter investigation received NH4Cl before study, had higher levels of Pco2 in blood during the study, and had their blood bicarbonate increased to much higher levels than in the study in infants. Although these differences limit precise comparison of the results of the two investigations, any effect of the different conditions in adults would be to increase the level of their Tm. Therefore, it can be concluded that the Tm in infants is at least as high as in the mature subject.
It is of interest to relate these functional data to the observations of Fetterman, Shuplock, Philipp, and Gregg (14) on morphologic development of the kidney. Using microdissection techniques, these authors made measurements of glomerular surface area and proximal tubular volume of isolated nephrons from the kidneys of children varying in age at time of death from birth to 18 years. In comparison to the child of several years of age, the newborn infant demonstrated higher values for and a greater degree of heterogeneity in the ratio of glomerular surface area to proximal tubular volume. The heterogeneity demonstrated in the infant with regard to morphologic glomerulotubular balance suggests the possibility of corresponding functional heterogeneity. Nephrons with relatively low glomerular surface area, and, therefore, possibly low glomerular filtration rate (GFR) relative to tubular size, might be expected to saturate their reabsorptive capacity and to excrete filtered bicarbonate only when the plasma bicarbonate concentration reached high levels. More importantly, nephrons with a relatively large glomerular surface area (and GFR) might excrete bicarbonate at relatively low plasma levels, tending to lower the bicarbonate threshold.
Support of this formulation can be found in the construction presented in the insert of Figure 2 , calculated according to the method of Smith (12) , in which a frequency distribution curve of the ratio of glomerular filtration rate to maximal rate of bicarbonate reabsorption for groups of nephrons (r) is compared with the mean value for both kidneys (R). This method, applied previously only to examination of glucose reabsorption, provides a graphic presentation of the glomerulotubular balance of groups of nephrons compared to the mean value for glomerulotubular balance for both kidneys as a unit. The marked skewing to the right and the wide dispersion of r/R values should be noted. It is perhaps of significance that this distribution of functional glomerulotubular balance is almost identical to the distribution of the ratio of glomerular surface area to proximal tubular volume found by Fetterman and associates in infants at term (14) . However, their histogram of nephrons from the kidneys of infants 31 to 5 months of age resembled the adult pattern, indicating that anatomical heterogeneity per se may explain only part of the functional heterogeneity which may persist throughout the first year of life.
As pointed out by Rieselbach and associates (15) (20) (21) (22) .
In the present study infants aged 1 to 16 months demonstrated no limitation in urinary acidification; mean urinary pH after administration of am-monium chloride was as low as in the older children.
All infants in the present study were fed cow's milk formulas, providing a high daily intake of phosphate with a high rate of urinary excretion. Therefore, it is not surprising that the rate of excretion of titratable acid was higher in the infants than in the older children (23) .
The mean rate of excretion of ammonium in the infants was significantly less than in the children. When the relatively low glomerular filtration rates of the' infants are taken into consideration, however, it appears likely that no qualitative difference is present in the renal mechanism for production of ammonia, but rather that the lower rate of excretion is related to renal size or tubular mass (19) .
The rate of excretion of total hydrogen ion in the infants was not significantly different from that observed in the children, the higher rate of excretion of titratable acid in the younger age group balancing their lower rate of ammonium excretion.
Physiologic acidosis of the infant. The finding of lower values for blood pH and bicarbonate during the first year or two of life usually is attributed to an imbalance between the endogenous rate of production of metabolic hydrogen ion and the ability of the kidney to excrete that hydrogen ion (2) . Although this type of imbalance does exist in subjects with renal insufficiency and those with distal renal tubular acidosis, it is associated with a positive balance of hydrogen ion (24) , an unlikely circumstance to be found in a healthy growing subject. Furthermore, if the capacity to excrete hydrogen ion were the limiting factor, one would expect a difference in blood pH and total CO2 in infants fed high or low protein diets. Neither the data of Fomon, Harris, and Jensen (25) nor data from our own laboratory (26) have demonstrated such differences. Finally, the results of administration of ammonium chloride in the present study demonstrate that, at least beyond the first few weeks of life, the capacity of the infant to excrete hydrogen ion is similar to that of older children.
In subjects in hydrogen ion balance, the renal threshold for bicarbonate regulates its concentration in plasma, which normally remains at a level somewhat below the threshold, with almost total reabsorption of filtered bicarbonate (3). Increase of plasma bicarbonate above the threshold, due to acute ingestion or infusion of bicarbonate, is followed by incomplete reabsorption of filtered bicarbonate and renal' excretion, with subsequent reduction of plasma and interstitial concentrations to levels below the threshold, at which point reabsorption of filtered bicarbonate is complete, excretion ceases, and a steady state is again reached. Conversely, reduction of plasma bicarbonate concentration below the threshold leads to complete reabsorption of filtered bicarbonate, net excretion of hydrogen ion by the kidney, leading toward restoration of the previous bicarbonate concentration in blood.
In their study of infants between the ages of 3 months and 2 years, Albert and Winters (2) found the CO2 content of arterialized capillary blood to be 21.1 + 1.9 mmoles per L (mean SD). These data are in excellent agreement with the values that would be anticipated on the basis of the present observations on bicarbonate threshold.
After investigating bicarbonate reabsorption in infants, Tudvad and associates ( 13) concluded that "in healthy premature infants the maximal rate of reabsorption of bicarbonate is such that, in the absence of other factors, concentrations of bicarbonate in serum would be stabilized at values of 24 to 26 mEq per L. Consequently, the physiologic acidosis of the premature infant cannot be explained on the basis of renal immaturity involving bicarbonate reabsorption." However, these authors did not consider that it is the level of the threshold and not the maximal rate of reabsorption of bicarbonate that determines its concentration in plasma. Therefore, even though reabsorptive capacity during the first year of life greatly exceeds the rate of reabsorption observed at the bicarbonate threshold, low threshold values result in low plasma concentrations.
